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INTRODUCTION 


The  requirements  for  transmissions  for  advanced  helicopter  and  V/STOL  air¬ 
craft  have  become  increasingly  demanding  as  requirements  for  lighter  weight 
and  greater  reliability  are  continuously  accentuated.  The  work  summarized 
in  this  report  addresses  these  requirements.  This  work  represents  a  new 
concept  in  power  transmission  speed  reducers  and  speed  increasers.  The 
concept  is  a  derivative  of  the  Curtiss-Wright  power  hinge  design. 

Prior  to  the  contractual  effort,  engineering  studies  were  conducted  by 
the  Curtiss-Wright  Corporation  to  determine  the  fearibility  of  such  a  con¬ 
cept  from  a  design  point  of  view  and  to  evaluate  and  compare  this  new 
transmission  with  currently  available  transmission  systems.  These  studies 
have  shown  that,  for  example,  in  applications  where  multistage  convention¬ 
al  planetary  designs  are  normally  employed,  the  new  free  planet  concept 
offers  the  following  potential  advantages  and  benefits; 

1.  Improved  reliability  to  the  extent  that  it  eliminates  conventional 
planet  bearings. 

2.  Lower  weight 

3.  Reduced  sensitivity  to  lubrication  variations  because  of  elimina¬ 
tion  of  bearings  and  potential  of  greater  survivability  after  loss 
of  lubricant. 

4.  Fewer  parts,  less  critical  tolerances  and  lower  overall  cost. 

The  contractual  effort  reported  herein  is  the  second  step  of  the  develop¬ 
ment  cycle,  namely,  designing,  manufacturing,  and  demonstrating  development 
units.  The  objective  of  this  program  was  to  verify  some  of  the  engineering 
work  completed  and  to  demonstrate  the  concept  with  real  (load-carrying)  hard¬ 
ware.  These  development  units  were  rated  at  approximately  500-horsepower 
with  approximately  a  20:1  reduction  ratio.  The  characteristics  of  this 
new  drive  system  were  investigated  at  loads  and  speeds  compatible  with  cur¬ 
rent  reduction  gear  applications. 


FREE  PLANET  CONCEPT 


INTRODUCTION 


This  discussion  presents  a  new  planetary  gear  speed  changer  concept;  the 
principles  involved,  potential  advantages,  and  preliminary  designs  of  units 
for  a  variety  of  applications  are  presented. 

GENERAL  CONSIDERATIONS 


The  free  planet  transmission  concept,  as  described  in  detail  in  the  follow¬ 
ing  section,  covers  a  variety  of  planetary  configurations  which  share  the 
common  characteristic  that  planet  carriers  or  spiders  are  eliminated  as  are 
the  conventional  planet  mounting  bearings  normally  associated  therewith. 

All  forces  and  reactions  are  transmitted,  whether  through  gear  meshes  or 
simple  cylinders,  in  pure  rolling  contact. 

In  its  simplest  form  this  concept  includes,  as  is  shown  schematically  in  the 
radial  plane  view  of  Figure  1,  a  fixed  internal  gear,  X,  a  movable  output 
internal  gear,  Z,  and  a  number  of  planets.  The  concept  illustrated  in  Fig¬ 
ure  1  has  C  and  B  faces  meshing  with  the  corresponding  internal  gears,  and 
an  A  face  in  mesh  with  an  external  sun  gear.  All  planet  faces  are  integral 
and  are  so  spaced  axially  that  gear  tooth  forces  acting  parallel  to  the 
tangential  and  transverse  planes  leave  the  planet  in  equilibrium  when  they 
are  acting  through  the  facewise  centers  of  the  various  meshes.  Tooth  sepa¬ 
rating  (and  centrifugal)  forces  in  the  radial  plane  balance  out  between 
planets,  all  of  which  have  diameters  which  roll  on  free,  cylindrical  rings, 
concentric  with  the  sun  gear  avis.  These  rings  are  not  shown  in  the  sche¬ 
matic. 

A  fuller  explanation  of  this  simple  form  and  an  introduction  to  some  of  the 
alternative  arrangements  are  included  in  the  following  section. 

In  applications  where  multistage  conventional  planetary  designs  would  nor¬ 
mally  be  employed,  one  or  more  of  the  following  potential  advantages  may  be 
found  to  make  the  concept  attractive: 

Lower  weight  (typically  10-50%  lighter)  than  conventional  planetar- 

ies  working  at  the  same  stress. 

Improved  reliability  to  the  extent  that  the  bearings  which  it  elim¬ 
inates  are  sources  of  failure. 
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Reduced  sensitivity  to  lubrication  variation  because  of  elimination 
of  bearings  and  potential  of  greater  "survivability"  after  loss  of 
lubr leant. 

Suitability  for  use  at  very  high  speeds  because  of  low  "scoring  in¬ 
dices"  of  internal  meshes  and  ready  means  for  lubricating/cooling 
even  high-speed  meshes.  Speed  not  limited  by  bearing  ratings  of 
dynamics. 

Fewer  parts  and  less  critical  gear  tolerances  with  a  possible  reduc¬ 
tion  in  costs.  Flexibility  can  be  built  in,  which  minimizes  the 
planet-to-planet  load  maldistribution  from  misindexing.  Low  scoring 
indices  reduce  the  tooth  surface  finish  requirements. 

The  following  additional  tentative  generalizations  are  based  on  studies  of 
several  applications  (helicopter  transmissions,  engine  reduction  gears, 
heavy  winch  drives,  and  miscellaneous  rotary  actuators): 

Efficiency  is  equivalent  to  competitive  planetary  systems.  The  in¬ 
creased  gear  losses  of  the  differentially  compound  output  gear 
meshes  are  offset  by  the  elimination  of  support  bearing  losses. 

The  overall  envelope  volume  may  be  slightly  larger  than  that  of 
conventional  planetary  arrangements.  However,  the  typically  large 
hollow  "core"  provides  volume  which  may  be  employed  for  lubricant 
storage  /cooler  or  other  purposes  advantageous  to  the  application. 

Not  all  configurations  are  adaptable  to  all  applications;  e.g.  , 
some  require  reaction  anchorages  which  may  be  awkward  to  provide. 


DESCRIPTION 


The  free  planet  transmission  concept  covers  broadly  those  planetary  gear 
arrangements  wherein  the  planets  are  not  constrained  bvbeing  secured  to  a 
"spider"  or  "carrier".  The  Curtiss-Wright  Power  Hinge®  is  of  this  genre. 
See  Figure  2.  Here,  radial  forces  (tooth  separating  components  from  gear 
engagement)  are  balanced  out  between  the  various  pinions  by  free  floating 
cylindrical  support  rings  on  which  selected  planet  diameters  roll.  Planet 
skewing  is  prevented  by  matching,  interconnected  ring  gears  engaging  the  end 
(E)  planet  faces.  These  are  opposed  by  symmetrically  applied  forces  from 
the  center  (c)  ring  gear  and  the  sun  gear.  Thus  the  planets  are  "free"  in 
that  they  are  constrained  only  by  the  gear  meshes  and  the  free-floating  sup¬ 
port  ring*. 

Extension  and  elaboration  of  this  basic  philosophy  have  evolved  a  variety  of 
novel  configurations  which  have  additional  features  of  potential  interest 
in  a  variety  of  "high  ratio"  planetary  gear  arrangements. 

As  a  condition  of  equilibrium,  forces  and  moments  about  any  point  in  or 
parallel  to  three  planes  must  add  up  to  zero.  As  an  example,  the  forces 
acting  on  a  planet  of  a  typical  Power  Hinge  are  illustrated  in  Figure  2. 
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Figure  1.  Free  Planet  Schematic 
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Figure  2.  Pow«r  Hinge  -  Planet  Forces  to  Three  Planes. 
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In  the  radial  plane,  the  net  of  the  tooth  separating  forces  (neglecting  cen¬ 
trifugal  forces,  if  any)  is  balanced  by  the  reaction  forces  from  the  sup¬ 
port  rings,  i.e.,  FRE  +  FRC  -  FS  *  FS  +  FS  R£.  Assuming  that  the  loads 

are  applied  at  the  centers  of  the  tooth  faces  and  rings,  it  is  apparent  that 

the  moments  about  any  point  will  also  add  up  to  zero  in  view  of  the  symmet¬ 
rical  example  employed. 

Forces  acting  parallel  to  the  transverse  plane  are  defined  by  the  load  and 
the  relative  radii  of  the  gears  which  have  been  selected  to  produce  the  de¬ 
sired  reduction  ratio  as  required  by  the  application  and  FS  +  FC  =  FE,  FS 
(RPC  +  RPE)  =  FC  (RPC  -  RPE) ,  FS  (2  RPC)  +  FE  (RPC  -  RPE) ,  etc.,  for  equi¬ 
librium. 

It  is  clear  that  forces  and  moments  acting  parallel  to  the  tangential  plane 
are  also  balanced  in  this  symmetrical  arrangement. 

The  conditions  of  equilibrium  required,  fairly  easily  followed  in  this  sym¬ 
metrical  example,  can  be  similarly  applied  to  unsymmetrlcal  arrangements 
with  more  or  fewer  points  of  load  application  using  the  following  ration¬ 
ale: 


The  application  defines  the  forces  and  the  associated  geometry  in  the 
transverse  plane. 

Appropriate  free-floating  support  (or  retaining)  rings  react  the  loads 
in  the  radial  plane. 

The  axial  distances  between  gear  face  centers  must  be  established  for 
equilibrium  in  the  skewing  direction  from  moments  in  the  tangential 
plane. 

While  several  additional  fallouts  have  evolved,  the  above  defines  the 
bases  which  are  the  crux  of  the  free  planet  concept. 

The  simplest  nonsymmetrical  example  of  the  application  of  these  principles 
is  that  illustrated  schematically  in  Figure  2.  (Nomenclature  used  in  this 
example  and  in  others  to  follow  is  outlined  in  Table  I.)  Support  rings  are 
ignored  in  these  simplified  sketches  and  hence  also  the  radial  plane  forces 
which  these  balance  out  between  planets. 

From  the  transverse  plane  (Figure  2),  we  can  define: 

FS  +  FC  +  FB  -  Force  Equilibrium 

FB  (C-b)  *  FS  (C  +  a)  -  Moment  Equilibrium  About  "C" 

FC  (C-b)  *  FS  (a  +  b)  -  Moment  Equilibrium  About  "B" 

These  equations  establish  the  relative  magnitudes  of  all  tangential  forces. 
The  values  at  a,  b,  C,  and  s  are  appropriately  selected  based  on  geometric 
limitations  and  desired  reduction  ratio;  for  instance,  assuming  input  at 
the  sun  gear,  output  from  the  Z  ring  gear  with  the  X  ring  gear  fixed. 
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TABLE  I.  FREE  PLANET  NOMENCLATURE 

Quantity 

E  lement 

Symbols 

Gears 

Planet 8 

Ay  By  C  y  G 

Sun 

S 

Interna  1 

x,  Y,  Z 

Pitch  Radius 

"A"  Planet 

a 

"B"  Planet 

b 

"C"  Planet 

c 

"G"  Planet 

g 

"S"  Sun  Gear 

s 

"X"  Internal  Gear 

X 

"Y"  Internal  Gear 

y 

"Z"  Internal  Gear 

z 

Axial  Face 

Distance  Planet  to  Planet 

e,<r  ,  d 

Diameter  of 

Input  Stage  Drive  Cylinder 

d  (2) 

Diameter  of  Output  Stage  Drive  Cylinder 

D  (2) 

Torque 

Q  -  0) 

Force 

Tangential 

F  -  (3) 

Force  ( 1) 

Radial 

FR  - 

Force  (1) 

Radial  on  Support  Ring 

FSR  - 

Ratio 

Reduction  Ratio 

R 

Pitch  Radius 

(1) 

R  -  (3) 

Length 

Planet  Face  Width 

L  -  (3) 

Planet  Face  Width  -  Center 

LPC 

Planet  Face  Width  -  End 

LPE 

(1)  Used  in  Figure  1  only 

(2)  Used  in  discussion  of  Figure  4  (c)  and  4  (d) 

(3)  Followed  by  A,  B,  S,  etc.,  to  identify  gear  or  mesh 


R 


.  +  P)  etc 

s  (x-z)  *  ecc* 

The  forces  so  established  are  applied  to  the  tangential  plane  to  define 
in  terms  of  e,  which  is  at  least  half  the  sum  of  the  "C"  and  "B"  planet 
faces.  Thus, 


where 


FB  e  =  FS  *  or  PC  *  =  FB  (o-e) 


*  LPC  +  LPB 
6 - 2 - 

In  all  arrangements  where  a  planet  is  in  equilibrium  and  is  acted  on  by 
three  tengential  forces, one  can  draw  a  "balance  line"  through  these  three 
points  as  shown  in  the  radial  pla>  5,  i.e. ,  the  three  points  of  tangential 
load  application  lie  in  a  straight,  line  (in  all  planes).  It  is  frenquently 
expedient  to  employ  this  "construction  line"  as  an  alternative  way  of  con¬ 
veniently  establishing  e  and  <r .  in  subsequent  "three  point"  configurations, 
this  line  will  be  shown  and  can  be  considered  the  equivalent  of  mathemati¬ 
cally  establishing  e  and  cr  from  the  tangential  plane  balance  equations. 

Where  more  than  three  points  of  tangential  load  application  are  Involved, 
this  simplification  cannot  be  used. 

The  inherent  tendency  of  a  "free  planet"  to  adjust  its  axis  to  produce  uni¬ 
form  facewise  tooth  loading  is  illustrated  in  Figure  3(a),  (b),  and  (c). 

In  (a)  the  assumed  uniform  planet  tooth  loading  is  identified  by  a  series  of 
short  arrows,  while  the  resultant  sum  of  these  forces  is  shown  for  each  tooth 
by  a  long  arrow  at  the  center  of  each  tooth.  Since  the  axial  tooth  spacing 
is  defined  by  e  and  <r  so  that  the  net  of  moments  in  the  tangential  plane  is 
zero,  the  planet  is  in  equilibrium.  If  the  planet  axis  is  skewed  as  shown 
in  (b)  or  (c),  the  resulting  "end  loading"  on  the  teeth  changes  e  and  cr  so 
that  an  unbalanced  moment  exists  which  tends  to  restore  the  planet  axis  to 
the  condition  of  (a)  where  tooth  loads  are  evenly  distributed. 

Not  only  does  this  phenomenon  eliminate  the  necessity  of  moment  and  load 
absorbing  planet  carrier  bearings,  but  it  suggests  that  customary  gear 
length  to  diameter  limitations  may  be  challenged  without  consequent 
corner  loading. 

The  above  assumes  a  number  of  ideal,  identical  planets  operating  on  ideal, 
perfectly  concentric  mating  gears.  The  implied  merits  must  be  examined  in 
any  specific,  real  application,  to  quantitatively  examine  the  Influence  of 
expected  imperfections  as  well  as  that  of  any  detail  construction  adopted 
to  nullify  the  undesirable  effects  thereof.  A  detailed  quantitative  anal¬ 
ysis  is  possible  only  in  a  well-defined  design  and  is,  hence,  not  appro¬ 
priate  in  this  general  description.  However,  anticipating  analyses  and 
constructions  to  be  presented  later,  it  can  be  said  that  the  merits  postu¬ 
lated  do  appear  to  be  practically  achievable.  Effectively  uniform  face- 
wise  load  distribution  can  be  maintained  even  with  long  gear  faces  manufac¬ 
tured  to  moderate  tolerances. 
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Figure  4  shows  schematically  (radial  plane  only)  some  two-stage  variations 
in  which  each  stage  consists  of  a  three-load-point  planet.  Figure  4(a)  and 
(b),  the  simplest,  show  respectively  "X"  ring  gear  fixed  and  "Y"  ring  gear 
fixed  equivalents  of  the  corresponding  version  of  the  arrangement  in  Fig¬ 
ure  1  previously  treated.  No  additional  reduction  has  been  achieved  but  or 
has  been  substantially  reduced  at  the  expense  of  providing  a  second  fixed 
reaction  ring  gear.  The  second  stage  of  the  input  is  a  simple  spur  gear 
journalled  on  an  extension  of  the  output  stage  planet  at  the  intersection 
of  its  centerline  and  the  balance  line.  If  the  pitch  diameter  of  the 
second-stage  input  ring  gear  is  the  same  as  that  of  the  output  stage  fixed 
ring  gear,  this  bearing  will  have  no  gross  rotation  and  will  transmit  only 
a  tangential  force  (i.e,  no  torque). 

Figure  4  (c)  and  (d)  show  arrangements  which  provide  additional  reduction 
in  the  input  stage.  The  output  stages  are  the  same  as  that  of  Figure  4  (a) 
(the  generally  preferred  arrangement).  The  additional  reduction  is  pro¬ 
vided  by  decreasing  the  pitch  diameters  of  the  fixed  reaction  ring  and  mat¬ 
ing,  planet.  This  results  in  different  rotational  speeds  of  the  input  and 
output  planets  about  their  axis  and  requires  that  a  bearing,  or  its  equiva¬ 
lent,  be  interposed  at  the  point  (or  in  the  plane)  where  the  balance  and 
centerline  of  the  input  and  output  stages  intersect.  Since  it  is  desired 
that  only  a  tangential  force  be  transmitted  at  this  point, a  conventional 
bearing  can  be  replaced  by  a  roller  of  diameter  "d"  on  the  input  stage 

rolling  on  the  inside  of  a  cylinder  of  diameter,  D,  on  the  output  stage. 

By  proper  selection  of  the  ratios  of  these  diameters  as  a  function  of  the 
gear  diameters^ pure  rolling  is  assured. 

As  will  be  noted.  Figure  4  (c)  and  (d)  differ  in  that  in  (d)  f:he  S  and  G 

meshes  are  both  at  one  end  of  the  output  stage,  while  in  (c)  the  S  mesh  has 

been  moved  to  the  opposite  end  with  the  G  and  A  planets  being  connected  by 
a  shaft  running  through  the  output  stage. 

Up  to  this  point>  discussion  has  been  limited  to  three- load -point  planets 
and  combinations  thereof  in  two  stages.  However,  the  basic  concept  is  not 
limited  to  such  arrangements,  and  in  some  applications  it  may  be  desirable 
to  consider  other  configurations.  Figure  5  illustrates  one  possibility. 

In  the  radial  plane  view  it  will  be  seen  that  an  additional  gear  face,  G, 
is  located  a  distance,  d,  from  the  C  face  for  the  general  purpose  of  short¬ 
ening  the  planets.  The  transverse  plane  equations  are: 

PC  +  FG  +  FS  =  FB  Force  Balance 

(FC  +  FG)  (c-b)  =  FS  (a  +  b)  Moments  About  "B" 

(FC  +  FG)  (x-s)  "  FB  (a  +  b)  Moments  About  "S" 

These  define  the  necessary  relationships  of  (FC  +  FG) ,  FS  and  FB.  For  bal¬ 
ance  in  the  tangential  plane,  e,  d,  and  c  and  the  load  division  between  FC 
and  FG  must  satisfy  the  moment  equations  in  this  plane. 

(FG  d  *  FS  (c-d)  +  FB  (d-e)  Moments  Around  "C" 

(FC  d  +  FS  9  =  FB  e  Moments  Around  "G" 
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These  do  not,  however,  define  specific  values,  and  one  is  free  to  choose  e 
and  d,  solving  for  ,  at  which  time  the  proportion  of  the  fixed  reaction 
load  shared  by  C and  G  will  be  established.  It  remains  to  provide  means 
to  insure  this  load  division.  Probably  the  simplest  is  to  provide  two  of 
the  meshes,  say  S  and  G,  as  shown  in  Figure  5  (b) ,  with  helical  teeth  of 
the  appropriate  helix  angles  and  tends  to  load  the  G  mesh  to  the  level 
desired  in  accordance  with  the  relationship,  FS  Tana  S  *  FG  Tana  G.  Bal¬ 
ance  is  then  maintained  by  slight  axial  shifting  of  the  planet  to  produce 
the  needed  FG. 

It  is  interesting  to  note  that  in  this  example  of  the  four- load-point  plan¬ 
et,  no  total  additional  gear  face  is  required  nor  are  additional  gearing 
losses  produced.  The  same  total  forces  and  moments  are  involved  as  in  a 
comparable  three  load  point  system.  The  added  G  mesh  merely  takes  over  a 
portion  of  the  C  or  1)  mesh  load,  but  in  a  way  to  balance  the  planet  in  the 
tangential  plane. 

Other  arrangements  are  possible.  The  G  mesh  can  be  placed  on  the  other 
side  of  the  C  mesh  (in  effect  making  d  negative)  where  the  direction  of  FG 
would  be  reversed.  Or  other  gear  faces  can  be  made  helical  to  establish 
proper  moment  loading  in  the  tangential  plane. 

Of  the  many  possible  combinations  made  available  by  the  free  planet  concept, 
only  a  few  have  been  outlined.  However,  there  is  one  additional  configura¬ 
tion  which  should  be  included:  one  that  is  evolved  for  dual  rotation  appli¬ 
cations  -  where  two  oppositely  rotating  outputs  are  desired.  One  version  is 
shown  schematically  in  Figure  6.  Here  there  is  only  one  fixed  reaction  mem¬ 
ber,  the  X-ring  gear,  which  takes  out  the  torque  introduced  by  the  sun  gear 
input,  thus  allowing  the  oppositely  rotating  outputs  from  the  C  and  B  ring 
gears  to  have  precisely  equal  torques  in  the  balanced  condition.  It  is  as¬ 
sumed  that  they  also  have  equal  speeds  or  reduction  ratios,  RY  and  RZ  =  R. 

A  summary  of  the  equations  defining  the  controlling  relationships  follows: 


From  the  transverse  plane  view: 
FC  Y  -  FB  Z 


RY 


=  Z  la. +  &) 

s  (x  -  y) 


RZ 


s  (x  -  z) 


Equal  Output  Torques 
Ratio  of  Y  Output 


Ratio  of  Z  Output 


Since  these  are  specified  as  equal,  one  can  solve  for: 

_  zc  +  yb 
6  y  +  z 

FS  (a  +  g)  *  FC  (c  -  g)  +  FB  (g  -  b)  Moments  About  "G" 
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Figure  5.  Free  Planet  Schematic  -  Four  Load  Point  With  Planet  Forces. 
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Figure 


RADIAL  PLANE 
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6.  Free  Planet  Schematic  -  Dual  Rotation  Outputs  With  Planet 
Forces . 


Substituting  above  derived  values  for  g  and  FB  gives: 


FS 


PC 


2  y  (c  -  h 


y  (a  +  b)  +  z  (a  +  c) 


FG  +  FB  -  FC  +  FS 


Sumnation  of  Forces 


Substituting  the  above  values  of  FS  and  FB  in  the  summation  of  forces,  FG 
can  be  determined  in  terms  of  FC. 


FG 


FC 


1  + 


2  y  (c  -  b) 


y  (a  +  b)  +  z  (a  +  c) 


-i) 


This  completes  definition  of  the  force  relationships  established  by  the 
application.  These  can  be  viewed  in  the  tangential  plane  to  achieve  bal¬ 
ance  by  proper  selection  of  e,  a  and  d  in  the  equation: 


FG  d  +  FS<r  -  FB  e 


Moments  About  "C" 


Once  again,  this  does  not  establish  unique  d,  e  and  cr  values  but  defines 
the  necessary  relationship  of  two  when  the  third  has  been  selected  and  the 
value  of  one  when  two  have  been  picked.  This  will  generally  follow  the 
pattern,  select  e  based  on  (LFC  +  LPB)/2,  place  d  conveniently  from  geo¬ 
metric  considerations  and  LPG  and  finally  solve  for  c  . 

For  this  configuration  there  is  no  requirement  for  helical  gears.  Since  FG 
is  fixed  when  the  output  torque  demands  are,  for  any  reason,  not  equal,  un¬ 
even  load  distribution  will  result.  If  this  unbalance  is  not  severe  or  of 
long  duration,  a  nominal  increase  in  output  gear  tooth  strength  should  com¬ 
pensate  for  this  unbalance. 

The  arrangement  shown  above  for  the  dual-rotation  free  planet  application 
assumed  equal  output  speeds  and  torques.  The  reaction  torque  of  the  G  mesh 
balances  the  input  torque  at  the  S  mesh.  Should  the  occasion  arise,  varia¬ 
tions  of  this  scheme  can  be  applied  to  unequal  torques  and/or  speeds  by  ap¬ 
propriately  changing  g  and  d.  If  QB  -  QS  +  QC,  the  G  mesh  can  be  elimin¬ 
ated  altogether  or  can  be  of  a  type  intermediate  between  Figure  4  (a)  and 
(b). 
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DESIGN  AND  DESCRIPTION  OF  DEMONSTRATION  HARDWARE 


The  free  planet  concept  has  been  demonstrated  in  this  program  utilizing  two 
sets  of  hardware  designated  FP500  and  FP501.  The  detailed  design  review  for 
these  configurations  is  presented  in  the  Appendix.  A  summary  of  the  designs 
and  pertinent  design  data  is  presented  in  this  section.  The  demonstration 
hardware  provided  a  reduction  ratio  of  19.2425.  The  rating  of  this  gearbox 
is  500-horsepower  with  an  input  speed  of  8000  rpm. 

The  FP500,  the  basic  test  unit,  is  a  planetary  gear  assembly  which  is  com¬ 
pounded  and  consists  of  three  tear  meshes.  The  first  plane  of  the  planet 
gear  meshes  with  the  sun  gear,  the  second  plane  meshes  with  the  output  in¬ 
ternal  ring  gear,  and  the  third  plane  meshes  with  a  stationary  internal  ring 
gear.  This  configuration  is  shown  schematically  in  Figure  7.  The  first  and 
second  planes  of  the  planet  gear  are  splined,  double  piloted,  and  locked  to 
a  quill  shaft  by  a  nut  and  cup  lock.  The  third  plane  is  splined,  double 
piloted,  and  locked  to  the  second  plane  of  the  planet  gear  by  a  nut  and  cup 
lock.  The  gears  are  timed  so  that  the  second  and  third  plane  planet  gears 
have  a  tooth  in  line  at  the  top  vertical  centerline  and  the  first  plane 
planet  gear  has  a  tooth  in  line  180°  at  the  bottom  vertical  centerline. 

The  FP501  is  essentially  the  same  as  the  FP500  except  that  the  quill  shaft 
has  been  eliminated  and  torque  is  transmitted  through  the  hollow  support 
shaft. 

Figure  8  shows  the  FP500  layout,  and  Figure  9  shows  the  revisions  to  make 
the  FP501  layout  drawing.  Each  of  these  configurations  utilizes  five  planet 
spindles.  Pertinent  gear  data  is  tabulated  in  Table  II. 

Pictures  of  the  demonstration  hardware  are  presented  in  Figures  10  through 
15.  Figure  10  shows  the  free  planet  assembly  with  the  five  planet  spindles, 
roller  support  rings  sun  gear  input,  and  the  fixed  and  output  ring  gears. 
Figure  11  shows  a  planet  spindle  assembly  and  Figure  12  shows  a  planet 
spindle  assembly  and  Figure  12  the  fixed  and  output  ring  gears.  Figure  13 
is  the  input  shaft,  sun  gear,  and  internal  spindle  support  ring.  Figures  14 
and  15  show  the  test  housing  and  torque  drum. 
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Figure  10.  Free  Planet  Assembly. 


Figure  15.  Test  Housing. 


TEST  METHOD 


STATIC 


Static  testing  was  conducted  prior  to  dynamic  testing  to  provide  initial 
verification  of  the  principles  Involved  in  operation  of  a  free  planet 
transmission.  There  were  two  separate  evaluations  conducted  in  this  phase: 
They  were  strain  gauge  and  tooth  pattern  evaluations. 


In  order  to  ascertain  the  load  distribution  among  the  planets,  a  static 
strain  gauge  test  was  performed.  This  test  consisted  of  instrumenting  the 
5  planet  quill  shafts  and  instrumenting  the  output  or  rotating  ring  gear. 

An  instrumented  quill  shaft  and  a  strain  gauge  readout  are  shown  in  Figure 
16.  Prior  to  assembly  into  the  test  unit,  each  instrumented  quill  shaft 
was  calibrated  over  the  complete  operating  torque  range.  This  provides  a 
basis  for  determining  the  static  torque  each  shaft  is  carrying  in  the 
assembled  test  unit.  The  unit  was  then  assembled  into  the  test  rig,  stati¬ 
cally  torqued  over  the  complete  operating  range  to  125%.  of  rated  torque. 
Data  was  recorded  at  25,  50,  75,  100  and  125%  of  rated  torque.  In  order 
to  verify  this  critical  measurement,  the  movable  ring  gear  was  also  instru¬ 
mented,  and  strain  gauge  readings  were  taken  as  the  various  planets  were 
aligned  with  the  ring  gear  strain  gauges.  These  readings  also  indicated 
the  equality  level  of  torque  as  the  various  planet  gears  passed  the  ring 
gear  strain  gauges. 

In  the  second  phase  of  the  static  test  program, gear  tooth  bearing  patterns 
were  established.  The  procedure  for  this  consisted  of  checking  the  gear 
tooth  load  patterns  at  load  Increments  of  25,  50,  75,  100  and  125%  of  rated 
torque.  A  red  lead  compound  was  applied  to  each  gear  set  before  each  test, 
and  the  impression  or  pattern  was  read  from  the  red  lead.  A  sample  of  each 
mesh  pattern  was  then  "lifted"  using  transparent  tape  to  provide  a  perma¬ 
nent  record.  The  purpose  of  this  test  was  to  indicate  if  there  was  any 
cornering  or  abnormal  load  pattern  on  any  gear  elements  and, more  important¬ 
ly,  to  verify  the  self-aligning  hypothesis  that  the  free  planet  is  designed 
against. 

DYNAMIC 


A  back-to-back  or  regenerative  arrangement  was  used  for  the  test  evaluation 
of  the  FP500  and  FP501  transmission.  In  this  configuration  the  input  or 
sun  gear  shafts  of  the  two  transmissions  are  fixed  to  each  other  by  a  coup¬ 
ling, with  one  shaft  extending  beyond  the  rig  housing  to  a  drive  shaft.  The 
output  ring  gears  are  also  connected  to  each  other  by  a  splined  drum.  The 
direct  connecting  of  the  ring  gears  is  a  simplified  form  of  attaching  out¬ 
put  shafts  to  the  output  ring  gears  and  coupling  the  shafts.  The  nonro¬ 
tating  or  fixed  ring  gears  attached  to  the  transmission  housing  absorb  the 
reaction  torque.  One  of  the  fixed  ring  gears  was  rotated  by  a  torque  arm 
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to  Introduce  and  lock  torque  into  the  planetary  gearing  system.  The  hy¬ 
draulic  actuator  loading  the  torque  arm  was  calibrated  in  order  to  indicate 
the  torque  in  the  planetary  gearing. 

The  test  stand  control  panel  is  shown  in  Figure  17.  During  all  testing, 
constant  recordings  of  the  acoustic  emission  were  made  by  the  equipment 
shown  in  Figure  18.  These  recordings  were  made  to  aid  in  diagnosing  any 
problems  that  could  occur  during  testing.  A  second  view  of  the  test  rig 
mounted  on  the  test  stand,  showing  the  torque  arm  and  loading  ram, is  shown 
in  Figure  19. 
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TEST  RESULTS 


STATIC 


The  results  of  the  static  tests  on  the  FP500  and  FP501  gearbox  Indicate  good 
load  distribution  between  the  planet  spindles  and  gear  tooth  load  patterns. 

The  results  of  the  FF500  planet  spindle  load-sharing  evaluation  are  shown 
in  Tables  111  and  V.  Table  III  represents  data  taken  from  the  strain  gauge 
bridge  on  each  individual  quill  shaft  of  the  planet  spindles.  This  shows 
that  at  507.  of  rated  power  and  above ,  the  torque  variations  are  less  than 
107..  The  data  taken  from  the  output  ring  gear,  Table  V,  shows  essentially 
the  same  results.  It  is  felt  that  the  data  obtained  from  the  individual 
planet  quill  shafts  is  more  representative  since  the  sensitivity  of  this 
system  is  much  higher. 

Tables  IV  and  VI  show  the  same  data  for  the  FP501  gearbox.  It  can  be  seen 
that  the  stiffer  system  of  FP501  results  in  a  wider  spread  of  load  distri¬ 
bution  at  lower  loads.  However,  at  the  important  high  load  points  this 
system  is  comparable  to  the  FP500  configuration. 

The  results  of  the  gear  tooth  load  pattern  evaluation  of  the  FP500  and 
FP501  are  shown  pictorially  by  Figures  20  and  21.  These  figures  show  the 
"lifted"  prints  or  replicas  of  the  actual  pattern  for  each  of  the  three 
gear  meshes  in  the  transmission.  The  gear  meshing  patterns  are  shown,  in 
the  pictures,  by  the  light  areas  where  the  red  lead  was  removed  during  ro¬ 
tation  under  load.  There  are  charts  for  25,  50,  75,  100  and  125%  of  rated 
torque.  As  can  be  seen  from  these  charts,  there  is  full  face  contact  for 
each  condition,  with  the  contact  being  essentially  even.  This  represent” 
the  condition  required  for  the  free  planet  concept  to  be  successful.  It 
shows  a  lack  of  corner  loading  and  also  verifies  the.  self -aligning  hypo¬ 
thesis  of  the  concept. 
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TABLE  III.  PLANET  SPINDLE  TORQUE  VARIATION  FP500 


BASED  ON 

SPINDLE  MEASUREMENTS 

Power  Setting 

As  7.  Of  Rated 

7.  Torque 
Variation 

25 

16.8 

50 

10.0 

75 

8.0 

100 

9.8 

125 

9.2 

TABLE  IV.  PLANET  SPINDLE  TORQUE  VARIATION  FP50I 
BASED  ON  SPINDLE  MEASUREMENTS 

Power  Setting 

As  7a  Of  Rated 

.  7.  Torque 
'.’ariation 

25 

26.8 

50 

17.7 

75 

12.2 

100 

10.8 

125 

8.6 
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TABLE  V.  PLANET  SPINDLE  TORQUE  VARIATION  FP500 
BASED  ON  RING  GEAR  MEASUREMENTS 

Power  Setting 

%  Torque 

As  70  Of  Rated 

Variation 

25 

20.8 

50 

12.2 

75 

8.4 

100 

7.5 

125 

9.0 

TABLE  VI.  PLANET  SPINDLE  TORQUE  VARIATION  FP501 
BASED  ON  RING  GEAR  MEASUREMENTS 

Power  Setting 

As  %  of  Rated 

%  Torque 
Variation 

25 

27.5 

50 

14.1 

75 

15.3 

100 

9.2 

125 

9.0 
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TORQUK 


Figure  21.  Static  Evaluation  -  FP501  Gear  Tooth  Load  Patterns. 


SPEED  AND  LOAD 


Preliminary  dynamic  evaluation  of  the  free  planet  (FP500  and  FP501)  con¬ 
cepts  was  to  demonstrate  operation  over  a  speed  regime  with  a  light  load 
and  then  to  operate  through  the  load  spectrum  at  various  speeds. 

Results  of  the  speed  runs,  25,  50,  75,  and  100%  speed  at  10%  load,  indicated 
satisfactory  dynamic  operation.  After  successful  completion  of  the  speed 
runs  a  series  of  load  tests  was  made  at  4000  and  8000  rpm  input  speed. 

These  runs  were  at  25,  50,  75,  and  100%  of  rated  torque.  These  tests  were 
also  successfully  completed.  The  measured  efficiency  of  the  gearbox  at  each 
of  these  points  is  shown  on  Figures  22  and  23.  Figure  22  is  the  FP500  con¬ 
figuration  and  Figure  23  is  the  FP501  configuration.  Efficiency  was  measured 
by  direct  reading  of  torque  from  the  dynamometer  and  subtracting  the  pre¬ 
measured  losses  of  the  test  stand  speed  increaser  and  the  calculated  rig 
thrust  bearing  loss. 

ENDURANCE 

Endurance  testing  was  conducted  on  the  FP500  unit  for  a  total  of  50  hours  at 
rated  speed  (8000  rpm)  and  power  (500  hp).  This  testing  was  successfully 
completed;  all  hardware  directly  related  to  the  free  planet  concept  was  in 
excellent  condition  after  this  50  hours  of  endurance  testing.  The  test 
hardware  is  shown  in  Figure  24. 

At  the  completion  26.75  hours  of  the  endurance  testing,  a  routine  inspection 
of  the  gearboxes  was  made.  This  inspection  showed  gear  meshes  and  primary 
components  of  the  free  planet  concept  to  be  in  excellent  condition.  How¬ 
ever,  during  this  inspection,  secondary  hardware  of  the  gearbox  indicated 
distress.  Some  fretting  and  wear  of  the  gear  pilots  to  the  shafts  was 
found.  Further  examination  showed  some  spline  distress  resulting  from 
pilot  deterioration.  The  following  corrective  action  was  taken  on  these 
parts : 

1.  Splines  were  cleaned  and  chrome  plated  where  possible. 

2.  Gear  and  shaft  pilots  were  cleaned,  plated  and  reground  oversize 
to  give  tighter  fits  and  to  eliminate  original  looseness. 

These  modifications  enabled  the  basic  hardware  to  complete  the  50  hours  of 
endurance  testing.  During  the  last  23.15  hours  of  testing,  there  was  no 
further  deterioration  of  splines  and  shaft  pilots.  The  excellent  performance 
and  condition  of  the  basic  free  planet  components  again  were  evident. 

ALTERNATE  LUBRICATION 


The  alternate  lubrication  system  was  proposed  to  provide  more  positive  lu¬ 
brication  to  the  roller  support  system.  The  evaluation  of  this  system 
showed  visually  a  better  lubrication  of  these  rollers.  However,  the  origi¬ 
nal  testing  showed  the  initial  system  of  mist  from  the  gear  system  to  be 
adequate. 
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REDUCTION  RATIO  19.24  to 
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Z  RATED  TORQUE 


The  evaluaCion  of  the  alternate  lubrication  system  was  conducted  by  re¬ 
running  the  load  tests  used  for  basic  evaluation  of  the  units,  namely, 
4000  rpm  at  25,  50,  75,  and  100%  of  rated  torque  and  8000  rpm  at  25,  50, 
75,  and  100%  of  rated  torque. 

OVERSPEED  AND  OVERLOAD 


The  dynamic  capability  of  the  free  planet  concept  has  also  been  demonstrat 
ed  at  overload  and  overspeed  conditions.  Testing  was  successfully  complet 
ed  on  the  FP501  unit  at  the  following  conditions: 

1.  125%  rated  torque  and  rated  speed. 

2.  100%  rated  torque  and  125%  rated  speed. 

3.  125%  rated  torque  and  125%  rated  speed. 
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Figure  24.  Free  Planet  Assembly  After  50-Hour  Endurance  Test. 


EVALUATION  AND  ANALYSIS  OF  DESIGN  AND  TESTS 


WEIGHT  COMPARISONS 


Preliminary  design  studies  indicate  that  the  free  planet  transmission  con¬ 
cept  (FPT)  offers  significant  weight  advantages  over  comparable  convention¬ 
al  current-state-of-the-art  helicopter  transmissions.  This  analysis  in¬ 
cluded  a  comparison  of  helicopter  transmissions  ranging  from  approximately 
1200-horsepower  (Reference  1)  to  5000-horsepower  (Reference  2).  Similar 
gear  materials  and  stress  levels  were  used  for  this  comparison.  Figure  25 
was  used  as  a  base  to  depict  the  results  of  one  study  in  Reference  1.  Here 
the  weight  of  various  existing  transmission  systems  is  plotted  against  the 
ou“put  torque.  The  basic  curve  was  extracted  from  Reference  3.  The  two  new 
points  superimposed  on  this  curve  (designated  as  point  A  and  point  B)  depict 
the  results  of  this  preliminary  design  and  weight  analysis  study.  Point  A 
represents  a  transmission  rated  at  an  output  torque  of  approximately  20,000 
ft-lb  (1200-horsepower)  and  point B  was  rated  at  about  166,000  ft-lb  5000- 
horsepower).  A  weight  reduction  of  70  lb  can  be  seen  for  transmission  A, 
and  a  weight  reduction  of  approximately  1000  lb  can  be  seen  for  transmission 
B.  These  weight  savings,  when  converted  to  percentages,  range  from  approxi¬ 
mately  20%  to  over  50%. 

This  type  of  preliminary  design  and  weight  analysis  is  valid  in  determin¬ 
ing  weight  trends  and  gross  magnitudes. 

It  is  felt  that  another  approach  to  a  transmission  weight  comparison  is  a 
qualitative  analysis.  This  technuque  consists  of  examining  and  counting 
all  major  weight  components  of  the  two  systems  being  compared.  It  is 
assumed  that  the  gear  tooth  loading  and  the  geometry  in  both  transmission 
systems  are  similar,  and  the  technique  relies  on  the  number  of  major  weight 
elements  required  to  functionally  perform  the  same  job. 

In  this  connection,  the  free  planetary  transmission  can  be  grouped  into  the 
planetary  gear  family.  When  a  comparison  of  all  major  planetary  transmis¬ 
sion  components  is  made  with  those  of  a  free  planetary,  it  is  noted  that  the 
free  planet  concept  does  not  have  a  carrier,  does  not  have  planet  bearings, 
and  does  not  require  the  same  type  of  conventional  structural  housing.  The 
free  planet  employs  similar  types  of  gears  as  a  conventional  planetary  does, 
employs  two  ring  gears,  and  utilizes  radial  support  rings.  Table  VII  com¬ 
pares  a  conventional  planetary  gear  with  a  reduction  ratio  of  20:1  versus 
a  functionally  comparable  free  planet  transmission. 

This  analysis  shows  a  reduction  of  approximately  20%  in  terms  of  numbers  of 
major  components. 

Perhaps  a  more  meaningful  comparison  of  this  new  transmission  system  can  be 
made  in  terms  of  reliability  and  maintainability. 

A  review  of  the  current  literature  on  reliability  and  maintainability  of 
existing  helicopter  transmissions  indicates  that  antifriction  bearing  ele¬ 
ments  represent  a  major  R&M  problem  area.  If  these  elements  could  be  com¬ 
pletely  eliminated  or  at  least  their  usage  substantially  reduced,  the  R&M 
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TABLE  VII.  QUANTITATIVE  ANALYSIS  TRANSMISSION  COMPARISON 


Major 

Components 

Convent ional 

Two  Stage  Planetary 

Free  Planet 
Transmission 

Housing 

1 

0* 

Carrier 

2 

0 

Gears 

14 

18 

Planet  Bearings 

10 

0 

Ring  Gears 

2 

2 

Support  Rings 

0 

Total  29 

4 

24 

*  Does  not  require  a  structural  housing.  Attachment  to  the 
structure  can  be  accomplished  via  the  fixed  ring  gear. 


problems  of  helicopter  transmission  would  be  significantly  reduced.  An 
elimination  of  all  planet  bearings  represents  a  significant  reduction  in 
the  total  number  of  antifriction  bearings  used  in  a  conventional  helicop¬ 
ter  planetary  transmission  system.  This  characteristic  is  ranked  as  one  of 
the  more  striking  features  of  the  free  planetary  transmission  design. 

EFFICIENCY 


The  efficiency  achieved  by  these  demonstration  units  appears  to  be  compar¬ 
able  to  that  achieved  with  conventional  planetary  designs  of  this  reduction 
ratio. 
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HELICOPTER  MAIN  TRANSMISSION  WEIGHT  (LB) 


Figure  25.  Helicopter  Main  Transmission  Weight  Vs  Torque-Rotor  Output. 
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CONCLUSIONS 


1.  On  the  basis  of  the  results  achieved  with  the  feasibility  demonstration 
program,  the  free  planet  type  transmission  is  a  viable  and  competitive 
concept. 

2.  The  force  balance  principle  of  the  free  planet  concept  appears  to  be 
sou*vl  both  statically  and  dynamically. 
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RECOMMENDATIONS 


Based  on  the  favorable  results  obtained  from  the  current  feasibility  demon 
stration  program.lt  Is  recommended  that  the  following  areas  be  further  ex¬ 
plored: 


1.  Demonstrate  endurance  capability  of  the  FP501  type  configuration. 

2.  Define  to  a  greater  degree  the  dynamic  behavior  of  the  concept. 

3.  Conduct  preliminary  designs  of  helicopter  transmissions  to  provide 
complete  comparisons  of  current  technology  to  the  free  planet  con¬ 
cept. 

4.  Use  the  results  of  these  preliminary  designs  as  a  basis  to  plan 
further  test  evaluations. 
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APPENDIX 

DESIGN  OF  FREE  PLANET  DEMONSTRATION  HARDWARE 


DESIGN  OF  FREE  PLANET  TRANSMISSION 


The  free  planet  transmission  concept  covers  broadly  those  planetary  ar¬ 
rangements  wherein  the  planets  are  not  constrained  by  being  mounted  on  a 
carrier  or  spider. 

The  configuration  consists  of  an  input  sun  gear  meshing  with  five  planet 
gears,  a  fixed  internal  gear,  and  an  output  internal  gear. 

The  planet  gear  assembly  is  compounded  and  consists  of  three  £ears.  The 
first  plane  of  the  planet  gears  meshes  with  the  sun  gear,  the  second  plane 
meshes  with  the  output  internal  ring  gear,  and  the  third  plane  meshes  with 
a  stationary  internal  ring  gear.  The  first  and  second  planes  of  the  gear 
are  splined,  double  piloted,  and  locked  to  a  quill  shaft  by  a  nut  and  cup 
lock.  The  third  plane  is  splined,  double  piloted,  and  locked  to  the  second 
and  third  plane  planet  gears  have  a  tooth  in  line  at  the  top  vertical  center- 
line  and  the  first  plane  planet  gear  has  a  tooth  in  line  180°  at  the  bottom 
vertical  centerline. 

The  planetary  gear  train  tooth  numbers  have  been  selected  so  that  the  c  ..  - 
figuration  is  hunting  and  nonfactorizing. 

The  center  distance  of  the  orbiting  planets  is  controlled  with  three  rings: 
two  external  rings  and  one  internal  ring.  The  rings  are  located  in  a  plane 
outside  the  first  plane  of  planets  (sun  gear  mesh)  anu  outside  the  third 
plane  of  planets  (stationary  ring  gear).  The  fore  and  aft  shoulders  refin¬ 
ing  the  O.D.  and  I.D.  rings  have  a  4- to  6-minute  taper  lor  lubrication  ot 
the  rings. 

Since  the  feasibility  design  is  to  be  tested  in  a  Hopkinson  rig  (back-to- 
back  test  rig  arrangement),  the  planets  are  restrained  axially  by  a  ball 
thrust  bearing  attached  to  the  inner  ring  located  aft  of  the  third  plane  of 
planets.  The  output  internal  ring  gears  are  restrained  axially  by  a  plain 
flat  face  AMS  6415  steel  thrust  ring  running  against  an  AMS  4845  bronze 
ring. 

In  the  Hopkinson  rig  configuration,  the  input  sun  gears  of  the  back-to-back 
transmission  are  connected  by  a  Thomas  N0262  Series  50  coupling.  The  out¬ 
put  internal  ring  gears  are  connected  to  each  other  by  a  splined  .-’rum. 

The  nonrotating  internal  ring  gears  absorb  the  reaction  torque,  and  one  ot 
the  nonrotating  internal  ring  gears  is  attached  to  the  rear  housing  clo¬ 
sure,  which  in  turn  is  piloted  to  the  main  housing. 

The  rear  closure  housing  is  rotated  by  an  actuator  to  Introduce  torque  into 
the  drive  system. 


51 


GEAR  RATIO  GEOMETRY 
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FINAL  RATIO  FP  500  AND  501 


$400  gf/4 
2o;  /  &t//o 
sae  ///* 

2/7 /*//-  7-72#  f 

AA/  =  £G7~ 

//4  =  72  r 

A/3  -  M3  7" 

//£=  zsr 


0o/a>o/ 

UL 

/At. 

Li 

^3  /, 

, 

l/>>  1 

//? 


A/, 


a/z  -  /2sr 

/Sr-  437~ 


wtj 


vnj  g  /  2  24<?S 


TORQUES  FP  500  AND  501 


7/1  P>es  A  A> 


''90'*? 


7~-  {///*) f&30 ZS^  _  {30£>Y622Ss)_  3jS33  /M-t5, 
AS  (gaoo)  " 


&6>//?o'/  /&r?e/e 


r*  (3333)(/3.z<?2s)  =■  73;  73  7  ✓//-  IB. 

Wj)  5urt  P/avcA  77^*0^^ A  ~^£733 j^_g££C)  =  373  /M- LB. 
(77/)  Sum  Tesy  ye yh  '  ^333$)  =,  /fiJ-  IJB, 

(A3)  dy/fy /{Terms’  7y/y>yc/  j,  '(J3)  737}  _  /££  /Ty/s/-  Z  B, 

(at)  dyAfcsA  /%,;?/ AYta 

/?er  /nes/i  -  ( A£7~E-L.  )(/’4^]~  LS 

'  ?/s. 

(Mz)  5/yAvjyy'y'  /t/o''**/  .  .  / 

cocas' /  /nos  A  ~  (/ 3 /$\ 7 3o)  =  7$j  37/  /rf-lB. 

-  3. *;,«.** 


55 


FIRST-STAGE  GEAR  DESIGN 


-I-  INPUT  DATA 

- 1  - 

PINION  TORK 

787.6 

IN. LB. 

PRESSURE  ANGLE 

20  DEGREES 

HERTZ  STRESS 

135  KSI 

TILLET  STRESS 

39  KSI 

GEAR  CLEARANCE  FACTOR 

O.IS 

DED.  CLEAR.  FACTOR 

0.25 

HOB  TIP  RADIUS  FACTOR 

0.3 

-»-  GEAR  DATA  - 

I  - 

N4 

PINION 

GEAR 

N1 

NUMBER  OF  TEETH 

66 

79 

PITCH  DIAM.-IN. 

5.2345 

6.2655 

FACE  WIDTH- IN. 

0.189 

ACTUAL  GEAR  RATIO 

1.197 

CENTER  DIST.-IN. 

5.75 

ADDENDUM- IN. 

0.088 

0.087 

DEDENDUM-IN. 

0.098 

0.  1 

BASIC  TOOTH  THICK. -IN. 

0.1251 

0. 1241 

TIP  TOOTH  THICK. -IN. 

0.056 

0.05  7 

STD.  GEAR  SET  B/L-IN. 

FILLET  RADIUS-IN. 

0.026 

0.026 

CONTACT  RATIO 

1.979 

DIAMETRAL  PITCH 

12.6087 

ROLL  ANGLES-DEG. 

OUTSIDE  D1 AM. 

26.21 

25.34 

HPSTC 

20.91 

20.9 

PITCH  DIAM. 

20.85 

LPSTC 

20.81 

20.81 

MIN.  CONTACT  DIAM. 

17.11 

16.38 

TOOTH  DRIVING  LOAD-LB. 

301 

UNIT  DRIVING  LOAD-LB/ IN. 

1594 

RADIAL  TOOTH  LOAD-LB. 

110 

DEPTH  TO  MAX.  SHEAR- IN. 

0.006 

• J'  FACTOR 

0-  519 

0.519 

•I*  FACTOR 

0.0875 

•K*  FACTOR 

559 

i 


j 

i 

i 
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SECOND-STAGE  GEAR  DESIGN 


-I-  INPUT  DATA  -l- 


PINION  TORN 

4335  IN. LB. 

PRESSURE  ANGLE 

20  DEGREES 

HERTZ  STRESS 

135  KSI 

FILLET  STRESS 

31  KSI 

GEAR  CLEARANCE  FACTOR 

O.IS 

DED.  CLEAR.  FACTOR 

0.25 

HOB  TIP  RADIUS  FACTOR 

0.3  N5 

-l-  GEAR  DATA 

- | . Planet 

Sun 

PINiON 

GEAR 

NUMBER  OF  TEETH 

43 

72 

PITCH  DIAM.-IN. 

4.3 

7.2 

FACE  WIDTH- IN. 

1.327 

ACTUAL  GEAR  RATIO 

1.6744 

CENTER  DIST.-IN. 

5.75 

ADDENDUM- IN. 

0.113 

0.107 

DEDENDUM-IN. 

0.122 

0.  128 

BASIC  TOOTH  THICK. -IN. 

0.1596 

0.  1546 

TIP  TOOTH  THICK. - IN . 

STD.  GEAR  SET  B/L-1N. 

0.066 

0.071 

FILLET  RADIUS-IN. 

0.034 

0.033 

CONTACT  RATIO 

1.926 

DIAMETRAL  PITCH 

ROLL  ANGLES-DEG. 

10. 

OUTSIDE  DIAM. 

28.97 

25.67 

HPSTC 

21.19 

21.03 

PITCH  DIAM. 

20.85 

LPSTC 

20.75 

20.65 

MIN.  CONTACT  DIAM. 

17.97 

16.01 

TOOTH  DRIVING  LOAD-LB. 

2016 

UNIT  DRIVING  LOAD-LB/ IN. 

1520 

RADIAL  TOOTH  LOAD-LB. 

734 

DEPTH  TO  MAX.  SHEAR- IN. 

0.006 

FACTOR 

0.489 

0.489 

•I*  FACTOR 

0.1 

•K*  FACTOR 

564 

N2 

Ring 
158  T 
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SECOND -STAGE  GEAR  DESIGN 

I 

-I-  INPUT  DATA 

-1  - 

j 

PINION  TORK 

4335  IN. LB. 

1 

PRESSURE  ANGLE 

SO  DEGREES 

1 

HERTZ  STRESS 

135  KSI 

! 

FILLET  STRESS 

31  KSI 

GEAR  CLEARANCE  FACTOR 

0.15 

DED.  CLEAR.  FACTOR 

0.25 

HOB  TIP  RADIUS  FACTOR 

0.3  N5 

N2 

-1-  GEAR  DATA  -j- Planet 

Sun 

Ring 

PINION 

GEAR 

158  T 

NUMBER  OF  TEETH 

43 

72 

PITCH  DIAM.-IN. 

4.3 

7.2 

FACE  WIDTH- IN 

1.327 

ACTUAL  GEAR  RATIO 

1.6744 

CENTER  DIST.-IN. 

5.75 

ADDENDUM- IN. 

0.113 

0.107 

DEDENDUM- IN. 

0.122 

0.128 

BASIC  TOOTH  THICK. -IN. 

0. 1596 

0. 1546 

TIP  TOOTH  THICK. -IN. 

0.066 

0.071 

STD.  GEAR  SET  B/L-IN. 

FILLET  RADIUS-IN. 

0.034 

0.033 

CONTACT  RATIO 

1.926 

DIAMETRAL  PITCH 

10. 

ROLL  ANGLES-DEG. 

OUTSIDE  DIAM. 

28.97 

25.67 

HPSTC 

21.19 

21.03 

PITCH  DIAM. 

20.85 

LPSTC 

20.75 

20.65 

MIN.  CONTACT  DIAM. 

17.97 

16.01 

TOOTH  DRIVING  LOAD-LB. 

2016 

UNIT  DRIVING  LOAD-LB/ IN. 

1520 

RADIAL  TOOTH  LOAD-LB. 

734 

DEPTH  TO  MAX.  SHEAR- IN. 

0.006 

•J'  FACTOR 

0.489 

0.489 

•I'  FACTOR 

0.1 

•K'  FACTOR 

564 

57 

! 

} 

SECOND-STAGE  PLANETARY  RING  GEAR  MESH 


NUMBER  OF  TEETH 
PITCH  DIAM.-IN. 

ROLLING  DIAM.-IN. 

INSIDE  DIAM.-IN. 

ROOT  DIAM.-IN. 

TRANSV.  PRESS.  ANGLE-DEG. 
AT  PITCH  DtAM. 

AT  ROLLING  DIAM. 

CENTER  DIST.-IN. 

TOOTH  THICK. .BASIC-IN. 

TRANSV.  AT  ROLL.  DIAM. 
REFERRED  TO  PITCH  DIAM. 
ADDENDUM- IN. 
DEDENDUM-1N. 

REFERRED  TO  ROLL.  DIAM. 
TRANSV.  PITCH 
ADDENDUM-IN. 
DEDENDUM-IN. 

FILLET  RAD. -IN. 

HERTZ  STRESS  RATIO 
APPROACH  RATIO 
TOOTH  DRIVING  LOAD-LB. 
TOOTH  RADIAL  LOAD-LB. 
INVOLUTE  ROLL  ANGLES-DEG. 
INSIDE  DIAM. 

LPSTC 

ROLLING  P.D. 

HPSTC 

CONTACT  DIA. 


PLANET 

RING  GEAR 

43 

158 

4.3 

15.8 

4.3 

15.8 

15.614 

16.057 

20. 

20. 

5.75 


0.1596 

0.1546 

0. 1 13 

10. 

0.093 

0.128 

0. 1 13 

0.093 

0.128 

0.042 

0.675 

0.5 

2016 

734 

18.66 

20.77 

20.85 

20.94 

23.05 
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THIRD- STAGE  GEAR  DESIGN 


INPUT  DATA 

-1  - 

PINION  TORK 

3247  IN. LB. 

PRESSURE  ANGLE 

20  DEGREES 

HERTZ  STRESS 

135  KSI 

FILLET  STRESS 

26.5  KSI 

GEAR  CLEARANCE  FACTOR 

0.15 

DED.  CLEAR.  FACTOR 

0.25 

HOB  TIP  RADIUS  FACTOR 

0.3 

-I-  GEAR  DATA  -i -  Planet 

Sun 

PINION 

GEAR 

NUMBER  OF  TEETH 

N6 

28 

87 

PITCH  DIAM.-IN. 

2.8 

8.7 

FACE  WIDTH-IN. 

1.866 

ACTUAL  GEAR  RATIO 

3.1071 

CENTER  DIST .-IN. 

5.75 

ADDENDUM- IN. 

0.  1 19 

0.101 

DEDENDUM- IN. 

0.116 

0. 134 

BASIC  TOOTH  THICK. -IN. 

0.1634 

0. 1508 

TIP  TOOTH  THICK. -IN. 

0.06 

0.073 

STD.  GEAR  SET  B/L-IN. 
FILLET  RADIUS-IN. 

0.035 

0.032 

CONTACT  RATIO 

1.876 

DIAMETRAL  PITCH 

10. 

ROLL  ANGLES-DEG. 

OUTSIDE  DIAM. 

33.  12 

24.73 

HPSTC 

21.77 

21.08 

PITCH  DIAM. 

20.85 

LPSTC 

20.78 

20.56 

MIN.  CONTACT  DIAM. 

19.61 

16.91 

TOOTH  DRIVING  LOAD-LB. 

2319 

UNIT  DRIVING  LOAD-LB/ IN. 

1243 

RADIAL  TOOTH  LOAD-LB. 

844 

DEPTH  TO  MAX.  SHEAR-IN. 

0.005 

•J'  FACTOR 

0.466 

0.466 

•I*  FACTOR 

0.1188 

•K*  FACTOR 

587 

Ring 

N3 

143  T 
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THIRD-STAGE  PLANETARY  RING  GEAR  MESH 


NUMBER  OF  TEETH 
PITCH  DIAM.-IN. 

ROLLING  DI AM. -  IN¬ 
INS  I DE  DIAM.-IN. 

ROOT  DIAM.-IN. 

TRANSV.  PRESS.  ANGLE-DEG. 
AT  PITCH  DIAM. 

AT  ROLLING  DIAM. 

CENTER  DI ST. -IN. 

TOOTH  TH7CK., BASIC-IN. 

TRANSV.  AT  ROLL.  DIAM. 
REFERRED  TO  PITCH  DIAM. 
ADDENDUM- IN. 
DEDENDUM-IN. 

REFERRED  TO  ROLL.  DIAM. 
TRANSV.  PITCH 
ADDENDUM-IN. 
DEDENDUM-IN. 

FILLET  RAD. -IN. 

HERTZ  STRESS  RATIO 
APPROACH  RATIO 
TOOTH  DRIVING  LOAD-LB. 
TOOTH  RADIAL  LOAD-LB. 
INVOLUTE  ROLL  ANGLES-DEG. 
INSIDE  DIAM. 

LPSTC 

ROLLING  P.D. 

HPSTC 

CONTACT  DIA. 


PLANET  RING  GEAR 


S8 

143 

S.8 

14.3 

2.8 

14.3 

14. IS2 

14.567 

SO. 

SO. 

5.75 


0.1634 

0. 1508 

0.  1  19 

10. 

0.089 
0. 134 

0.  1 19 

0.089 
0. 134 
0.042 

0.78 

0. 494 

2331 

848 

18.52 

20.73 

20.85 

SI. 04 
S3.SS 
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FORCE  DIAGRAM  FP  500  AND  501 
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PLANET  SUPPORT  RINGS 
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A  Planet  Designation 

Ti  Planet  Designation 

C  Planet  Designation 

G  Planet  Designation 

S  Sun  Gear 

X  Internal  Gear 

Y  Internal  Gear 

Z  Internal  Gear 

a  Pitch  radius  "A"  Planet,  in. 

b  Pitch  radius  "B"  Planet,  in. 

c  Pitch  radius  "C"  Planet,  in. 

g  Pitch  radius  "G"  Planet,  in. 

s  Pitch  radius  "S"  Sun  Gear,  in. 

x  Pitch  radius  "X"  Internal  Gear,  in. 

y  Pitch  radius  "Y"  Internal  Gear,  in. 

z  Pitch  radius  "Z"  Internal  Gear,  in. 

e  Distance  Planet  to  Planet,  in. 

a  Distance  Planet  to  Planet,  in. 

d  Distance  Planet  to  Planet,  in. 

d(2)  Diameter  of  Input  Stage  Drive  Cylinder,  in. 

D(2)  Diameter  of  Output  Stage  Drive  Cylinder,  in. 

Q-(3)  Torque,  in. -lb 

F- (3 )  Tangential  Force,  lb 

FR  Radial  Force,  lb 

FSR  Radial  Force  on  Support  Ring,  lb 


79 


LIST  OF  SYMBOLS  -  Continued 


R 

Reduction  Ratio 

R-<3) 

Pitch  Radius,  in. 

L-(3) 

Planet  Face  Width,  in. 

LFC 

Planet  Face  Width  Center, 

LPE 

Planet  Face  Width  End,  in, 

in. 
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